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Composition dependence of the dielectric and optical properties of (HfZrO4)(1 − x) (SiO2)(x) (0 ≤ x ≤ 0.2) gate di-
electric thin ﬁlms, grown on Si(100) by the atomic layer depositionmethod, was investigated bymeans of reﬂec-
tion electron energy loss spectroscopy (REELS). The quantitative analysis of REELS spectra was carried out by
using the QUASES-XS-REELS and QUEELS-ε(k,ω)-REELS software, which determine the dielectric function and
optical properties through an analysis of experimental REELS in terms of a simulated energy loss function
(ELF). For HfZrO4, the ELF showed peaks in the vicinity of 10.5, 15.6, 18, 21.5, 26.7, 34.5, 39.5, 46.5 and 57 eV.
For HfZr-silicates with low SiO2 concentration (x = 0.10 and 0.15), the peak positions were similar to those of
HfZrO4, but for x = 0.20, the number of peaks were reduced and are at 14.8, 23.5, 34.5, 40.5, and 46.5 eV.
These peaks originate from the superposition among d electron states of Zr, f electron states of Hf and p electron
states of Si. The strength of the peak at 46.5 eV decreased as we increased the amount of SiO2 in the compounds,
which indicates that it is due to excitation betweenHf 4f and Zr 3d electron states. Changes in the complex dielec-
tric function, optical properties and band gap related to the SiO2 concentration in the ﬁlms were discussed sys-
tematically. In addition, the inelastic mean free path (IMFP) was also calculated from the determined dielectric
function. The IMFP of the HfZr-silicates increased with increasing SiO2 content and with increasing primary en-
ergy. Thismethod is of high importance in terms of determining the dielectric and optical properties and inelastic
mean free path from REELS spectra. The advantage of themethod applied here is that no information on themor-
phology and components of the sample is required. Thismeans that thismethod presented here turned out to be
a convenient and efﬁcient tool for investigation of optical properties and inelastic mean free path of ultrathin
high-k alloy materials.
© 2016 Elsevier B.V. All rights reserved.
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1. Introduction
High dielectric constant (k) materials have recently received special
attention because the task of ﬁnding a substitute for silicon oxide (SiO2)
became urgent due to ever decreasing device dimensions. As Moore's
law extends the scaling limit and device performance into the 21st cen-
tury, high-k gate dielectrics will be required for high-performance and
low-power CMOS application in the 45 nm node and beyond. Decrease
in the size of the transistors leads to faster logics and less power con-
sumption. However, continual scaling down of SiO2 gate oxide is be-
coming exceedingly difﬁcult since (a) the gate oxide leakage is
increasing with decreasing SiO2 thickness and (b) the required SiO2
thickness is becoming less than one molecular layer [1–3].
The basic selection criteria for a high-k gate oxide material are (i)
large dielectric constant, (ii) a proper band offset to Si as large as or
comparable to that of silicon dioxide, and (iii) thermodynamic stability
in contact with the Si substrate [3]. As a consequence of arduous search
for materials satisfying the above criteria, transition metal oxides such
as, HfO2 [1–4] and ZrO2 [4,5], and their compounds with SiO2 have
been proposed as the most promising high-k dielectrics. The
(ZrO2)x(HfO2)1 − x dielectrics also attracted attention and were fre-
quently explored [4,5]. In fact, the silicate based dielectrics in which Zr
substitutes Hf [6] is vigorously studied as one of the promising candi-
dates for high-k gate dielectrics. However, their dielectric and optical
properties are virtually unknown. Hence, it is worthwhile to investigate
the dielectric and optical properties of HfZr-silicates by means of a
quantitative analysis of the reﬂection-electron-energy-loss spectrosco-
py (REELS) spectra. In our previous work, we studied the band align-
ment for Zr and Hf silicates, in which we showed that the band gap,
the conduction band offset, and the valence band offset slightly in-
creased as the SiO2 content increased in silicates thin ﬁlms [7,8]. In the
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past decade REELS has been successfully used to obtain the optical and
electronic properties of ultrathin dielectric ﬁlms, semiconductors,
metals and their oxides, transparent oxide ﬁlms, and polymers [9–21].
REELS at energies ≤2000 eV is highly surface sensitive, and therefore it
provides a straightforward way to evaluate the dielectric and optical
properties of nano-dielectric thin ﬁlms [9,10]. Knowledge of the dielec-
tric and optical properties of nano-size gate dielectric thinﬁlms is essen-
tial in the search for good gate oxide materials for the CMOS devices.
Hence, in this work, we have focused our attention to the dielectric
and optical properties of ~nm-thick HfZr-silicate gate oxide thin ﬁlms
through a quantitative analysis of REELS spectra.
The optical properties and inelasticmean free path (IMFP) are deter-
mined from the analysis of energy inelastic electron scattering cross sec-
tions calculated for REELS with the QUEELS (QUantitative analysis of
Electron Energy Losses at Surfaces) software for which the only input
is the energy loss function of the material [22]. More speciﬁcally, we
have used the generally available software package QUEELS- ε(k, ω)-
REELS,which allows us to calculate the electron energy loss experienced
by the electrons that travel in the surface region of a solid [25].
2. Material and methods
Hafnium zirconium silicates dielectric thin ﬁlms, represented by
(HfZrO4)(1 − x) (SiO2)(x), were deposited by atomic layer deposition
(ALD). Prior to thin ﬁlm deposition, a p-Si(100) was cleaned chemically
by the Radio Corporation of America (RCA) method [24].
Zr[N(CH3)(CH2CH3)]4, Hf[N(CH3)(CH2CH3)]4 and SiH[N(CH3)2]3 were
used as precursors for ZrO2, HfO2 and SiO2, respectively, and O3 vapor
served as oxygen source. The ﬁlms were grown in N2 ambiance, which
was supplied as the purge and carrier gas. The growing temperature
was below 300 °C. The physical thickness of the deposited layer was
6.5 nm ± 0.3 nm, which was conﬁrmed by the TEM image [6]. The
SiO2-incorporatedHf-Zr-Si-Owas grown by the alternate ALDprocesses
repeating the number of cycles for HfO2, ZrO2 and SiO2 to mix the SiO2
content in a controlledmanner. In order to examine the relationship be-
tween composition and band gap energy and band offsets, the SiO2
mole fraction was varied by x = 0.10, 0.15 and 0.20, respectively. The
ﬁlm composition was determined by XPS. XPS and REELS spectra were
obtained by using the VG ESCALAB 210 after removing the carbon con-
tamination via the low energy Ar ion sputtering. XPS measurements
were carried out using a MgKα source and operating the spectrometer
at 20 eV pass energy. The binding energies were referenced to the C
1s peak of hydrocarbon contamination at 285 eV. REELS measurements
were done at incident take off angle 55° and 0° from the surface normal,
respectively andwith 1.0 keV, 1.5 keV, and 1.8 keV primary electron en-
ergies for excitation and with constant analyzer pass energy of 20 eV.
The full width at half maximum (FWHM) of the elastic peak was 0.8 eV.
3. Theory/data analysis
The data analysis procedurewas described in detail in Ref. [25] and is
brieﬂy repeatedhere. Theﬁrst step in the analysis is to determine the ef-
fective experimental inelastic cross section from the REELS spectra with
the QUASES-XS-REELS software [26]. This effective cross section Kexp
(ℏω) includes surface and bulk excitations and, as pointed out in the
paper by Chorkendorff and Tougaard [26], it can contain small errone-
ous contributions from double surface andmixed surface and bulk exci-
tations. These effects are however negligible (except for materials with
a very narrow plasmon like Al [26]) since it has been found in numerous
studies that these experimental cross sections are in good agreement
with the calculated theoretical single scattering cross sections of surface
and bulk contributions (see e.g. Refs. [6–21] and in particular [21]).
For each REELS experiment the QUASES-XS-REELS software deter-
mines the experimental cross section Kexp@(ℏω) times the correspond-
ing inelastic mean free path λ, i.e., λKexp (ℏω).
3.1. Determination of energy loss functions (ELF)
As the second step in the analysis, the experimental cross sections
are compared to the theoretical cross sections Kth(ℏω) calculated with
the QUEELS-ε(k, ω)-REELS software. The input in these calculations is
the ELF for which we use an expansion in Drude-Lindhard type oscilla-
tors [25,29–32];
Im
−1
ε k;ωð Þ
 
¼ θ ℏω−Eg
  Xn
i¼1
Aiγiℏω
ℏ2ω20ik−ℏ
2ω2
 2 þ γ2i ℏ2ω2 ; ð1Þ
where the dispersion relation is given in the form
ℏω0ik ¼ ℏω0i þ αi
ℏ2k2
2m
ð2Þ
Here Imf −1εðk;ωÞg is the imaginary part of the reciprocal of the complex
dielectric function. Ai, γi, ℏω and αi are the oscillator strength, damping
coefﬁcient, excitation energy, and momentum-dispersion coefﬁcient of
the ith oscillator, respectively, and ℏk is the momentum transferred by
the inelastically scattered electron to the solid. The step function θ
(ℏω − Eg) is included to take into account of the effect of the band
gap Eg in semiconductors and insulators. Here, θ(ℏω − Eg) = 0 if
ℏω b Eg and θ (ℏω− Eg) = 1 if ℏω N Eg. The values of the momentum
dispersion coefﬁcient αi are related to the effective electron mass, e.g.,
αi ≈ 0 for tightly bound core electrons with ﬂat energy bands and
αi≈ 1 corresponding to the valence electrons in metals. The oscillator
strengths are adjusted to make sure that ε(k,ℏω) fulﬁll the well-
established Kramers-Kronig sum rule [23,27–30],
2
π
Z∞
0
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1
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n2
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Here n is the index of refraction in the static limit. The indices of re-
fraction for HfZrO4 [15,31] and for SiO2 are 1.8 and 1.4, respectively, and
that for HfZr-silicates were the weighted average values for the refrac-
tive indices of HfZrO4 and SiO2 [10].
We used themaximum energy loss in the experimental REELS as the
upper integration limit, and we have thus ignored the small contribu-
tion from core electrons with larger binding energies. We note here
that, for higher energy loss, λKexp rapidly approaches zero.
The parameters in the ELF were determined by a trial and error pro-
cedure in which the parameters of a test ELF function are adjusted until
there is good agreement between the theoretical λKth(ℏω) and experi-
mental λKexp(ℏω) inelastic cross section for all primary energies
considered.
3.2. Determination of optical quantities from ELF
From the ELFwe can perform an analytical Kramers-Kronig transfor-
mation of Im {1/ε} to obtain the real part Re{1/ε} of the reciprocal of the
complex dielectric function [23,27–30],
Re
1
ε k;ℏωð Þ
 
¼ 1−
Xn
i¼1
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ℏω0ikð Þ2−ℏω
 	2
þ γ2i ℏω2
 θ ℏω−Eg
 
þ 2
π
ZEg
0
Im
1
ε k; zð Þ
 
zdz
z2−ω2
ð4Þ
From Im{1/ε} and Re{1/ε}, the real and imaginary parts of the dielec-
tric function (ε = ε1 − iε2) and the refractive index N (N = n − iκ,
where n is the refractive index and κ the extinction coefﬁcient) are as
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follows.
ε1 ¼ Re 1=εf g
Re 1=εf gð Þ2 þ Im 1=εf gð Þ2
and ε2 ¼ Im 1=εf g
Re 1=εf gð Þ2 þ Im 1=εf gð Þ2
ð5Þ
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Procedures to calculate these quantities from the ELF are included in
the QUEELS-ε(k,ω)-REELS software [23].
3.3. Determination of IMFP from Ksc
The inelastic electron scattering cross section Ksc is deﬁned as the
probability that the electron loses energy ℏω per unit energy loss and
per unit path length traveled in the solid, and this includes surface,
bulk and interference excitation effects. Due to interference effects, sur-
face excitations cannot be separated from bulk excitations, and the total
cross section cannot be expressed as a linear combination of a bulk and a
surface excitation [32]. The total effect of surface excitation can be
calculated from the following expression [32–35].
KS ¼
Z
Ksc−K infð Þdℏω; ð7Þ
where Ks is the inelastic electron scattering cross section owing to the
surface, Kinf is the inelastic electron scattering cross section for electrons
moving in an inﬁnite medium. We determined λsc and λinf from the in-
verse of the theoretically determined cross section as deﬁned in the
form [21,23,32–35].
λsc E0ð Þ ¼
Z∞
0
Ksc E0;ℏωð Þdℏω
2
4
3
5
−1
;λinf E0ð Þ
¼
Z∞
0
Kinf E0;ℏωð Þdℏω
2
4
3
5
−1
ð8Þ
Here λsc is the inelastic mean free path (IMFP) estimated from the
cross sectionwhich includes both surface, bulk, and interference excita-
tions, and λinf is the IMFP for an electron moving in the bulk material.
4. Results and discussion
In this study, we have used nominal composition for sample labeling
as follows; 90%HfZrO4, 85%HfZrO4, and 80%HfZrO4 for
(HfZrO4)0.90(SiO2)0.10, (HfZrO4)0.85(SiO2)0.15, and (HfZrO4)0.80(SiO2)0.20,
respectively.
Fig. 1 shows REELS spectra for HfZrO4 and HfZr-silicate dielectric
thin ﬁlms [6]. The determined band gap values are 5.4 eV, 5.4 eV,
5.6 eV, 5.8 eV, and 9.0 eV, respectively, for HfZrO4, 90%HfZrO4,
85%HfZrO4, 80%HfZrO4, and SiO2 thin ﬁlms. The experimental errors of
themeasured band gaps are within±0.1 eV. In spite of the substitution
of SiO2 contents in HfZrO4 with up to 20%, the band gap values of HfZr-
silicates increases little compared to the bandgap of SiO2 (9 eV) [10]. In
contrast, the intensity of the peak at 15 eV energy loss decreases with
increasing amount of SiO2 in the alloy and for 80%HfZrO4 thin ﬁlms,
the intensity is almost identical to that of the pure SiO2 thin ﬁlm. The
changes in the intensity of REELS spectra are shown to be consistent
Fig. 2. Experimental inelastic cross section λKexp (line), obtained from REELS data, is comparedwith the best ﬁt result for the inelastic cross section λKsc (symbol), which is evaluated using
the simulated energy loss function for primary energies of 1.0, 1.5, and 1.8 keV.
Fig. 1.Reﬂection electron energy loss spectra (REELS) for (HfZrO4)1− x(SiO2)x (x=0, 0.10,
0.15, 0.20) dielectric thin ﬁlms with the primary energies of 1500 eV taken from Ref. [6].
REELS of SiO2 also included for comparison [10].
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with XPS spectra (see Fig. 2. In Ref. [6]), when the HfZrO4 content was
higher, the XPS peak intensity was higher. For Si 2p core level spectra
shows the intensity increase with increasing SiO2 content in HfZr-Sili-
cates thin ﬁlms [6]. Ref. [6] explained in detail the relation between
the SiO2 content in HfZr-silicates and the electrical properties and
shows the leakage current density decreased as the SiO2 content was
increased.
Fig. 2 shows the experimental λKexp determined from the REELS
spectra with the QUEELS-XS-REELS software [28], which is compared
with the theoretical λKsc calculated with the QUEELS-ε(k,ω)-REELS
software [23]. The parameters in the ELF, i.e., in Eq. (1), were deter-
mined by a trial-and-error procedure until a satisfactory quantitative
agreement is reached. Note that for each composition of HfZr-silicates,
the same ELF was used for the calculation at all primary energies i.e.
1.0, 1.5, and 1.8 keV. The agreement between the theoretical and exper-
imental results is good for all energies for each material, and hence the
experimentally observed variation with the primary energy is well de-
scribed by the theory.
The obtained parameters for the ELF of HfZrO4 and HfZr-silicate thin
ﬁlms are listed in Table 1. Asmentioned above, the values for the disper-
sion coefﬁcient αi are related to the effective electron mass. In accor-
dance with this, for these wide band gap materials, we ﬁnd good ﬁts
were obtained with αi = 0.05 for all oscillators. The corresponding ELF
(Im(−1/ε)) and the surface energy loss function (SELF) (Im(−1 /
(1+ ε))) for HfZrO4 and HfZr-silicates are plotted in Fig. 3.We compare
ELF and SELF spectra for HfZrO4 and HfZr-silicate thin ﬁlms in the inset
of Fig. 3(b). As can be seen in the ﬁgure, the intensity, the peak position,
and the shape of the SELF is clearly different from that of the ELF.
Fig. 5. Refractive index (n) and extinction coefﬁcient (κ) of HfZr-silicates on Si(100)
substrate determined in this study and SiO2 from Ref. [10].
Fig. 4. Complex dielectric function of HfZr-silicates on Si(100) substrate determined here
and SiO2 from Ref. [10]. (a) Real part (ε1) and (b) imaginary part (ε2) of the dielectric
functions.
Fig. 3. (a) Energy loss functions (ELF) and (b) surface energy loss function (SELF) for HfZr-
silicates on Si(100) substrate in this study. These energy loss functions are given by the
parameters in Table 1, which have been used as input to calculate the λKsc values in Fig.
2. The ELF of SiO2 is also included for comparison [10].
Table 1
Parameters in the model energy loss functions (ELF) of (HfZrO4)1 − x(SiO2)x thin ﬁlms on
p-Si(100) substrate that give the best ﬁt overall to the experimental cross sections at 1.0,
1.5, and 1.8 keV. The ELF for SiO2 also included for comparison [10].
i ω0i
(eV)
Ai
(eV2)
γi
(eV)
(HfZrO4) 1 10.5 5.89 5.0
(Eg = 5.40) 2 15.6 31.30 3.3
(αi = 0.05) 3 18.0 25.24 5.0
4 21.5 72.70 6.5
5 26.7 169.64 8.5
6 34.5 6.56 2.5
7 39.5 54.95 5.5
8 46.5 110.09 8.0
9 57.0 8.03 10.0
90% HfZrO4 1 10.5 5.98 5.0
(Eg = 5.40) 2 15.2 34.49 3.5
(αi = 0.05) 3 18.0 20.99 5.0
4 21.3 43.80 7.0
5 26.7 161.91 9.5
6 34.5 6.66 2.5
7 41.0 160.15 8.5
8 46.5 82.89 7.0
85% HfZrO4 1 10.5 5.57 5.0
(Eg = 5.60) 2 15.2 32.09 3.5
(αi = 0.05) 3 18.0 19.53 5.0
4 21.3 40.75 7.0
5 26.7 150.65 9.5
6 34.5 6.19 2.5
7 41.0 152.83 8.5
8 46.5 77.12 7.0
80% HfZrO4 1 14.8 27.03 5.5
(Eg = 5.80) 2 23.5 235.49 13
(αi = 0.05) 3 34.5 3.89 3.0
4 40.5 126.27 12.0
5 46.5 38.77 10.0
SiO2 [10] 1 15.0 6.0 3.5
(Eg = 9.0) 2 23.1 225.2 11.3
(αi = 0.02) 3 34.0 193.2 28.0
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The ELF for 90%HfZrO4 has 8 oscillators in the vicinity of 10.5, 15.2,
18.0, 21.3, 26.7, 34.5, 41.0, and 46.5 eV, which are similar to those for
HfZrO4. The main difference is that the position of the oscillator at
39.5 eV is shifted to 41.0 eV, and there is no oscillator at 57 eV for this
composition. For 85%HfZrO4, the peak positions and the damping coef-
ﬁcient are the same as those for 90%HfZrO4 but the strengths of the os-
cillators are slightly changed. Intensities of the oscillators at ~15 and
~41 eV decrease when the amount of HfZrO4 in the silicate decreases.
For 80%HfZrO4, the peak positions change to 14.8, 23.5, 34.5, 40.5, and
46.5 eV. These peaks originate from the combination of SiO2 and
HfZrO4. The strength of the peak at 46.5 eV for HfZr-silicates decreases
with increasing amount of SiO2 in the compound. The changes of the in-
tensity for the REELS spectra of HfZr-silicates is due to the superposition
among 4f electron state of Hf, 3d electron state of Zr, and 2p electron
state of Si as explained in detail in Ref. [6], which is the similar case in
this study for ELF at 46.5 eV. The stronger loss at 23.5 eV for 80%
HfZrO4 seems to be a bulk plasmon due to collective excitation of s
and p electrons [15,16]. This is located at 23.1 eV for SiO2 reported in
Ref. [10].
Figs. 4 and 5 show the dielectric and optical properties for HfZr-sili-
cate dielectric thin ﬁlms, which were determined from the ELF in Fig. 3.
Fig. 4 shows the real part ε1 and imaginary part ε2 (corresponding to the
absorption spectrum) of the dielectric function. With increasing SiO2
content, the main peak for the real part of the dielectric function ε1 is
shifted from 7.7 eV for HfZrO4 (higher than that of ZrO2 at 7.6 eV from
Ref. [10]) to 8.8 eV for 80% HfZrO2 (lower than that of SiO2 at 11.3 eV
from Ref. [10]) [15]. For the imaginary part of the dielectric function ε2
the main peak is at 8.9 eV for HfZrO4 [15] and at 10.7 eV for
80%HfZrO4 thin ﬁlm. In the absorption spectrum (Fig. 4b), which is re-
lated to ε2, the absorption below the main peak is associated with the
transition of the valence band electrons into the unoccupied d states
in the conduction bands [36]. The main peak in ε2 is gradually shifted
by 0.1–1.0 eV to higher energy loss with decreasing amount of HfZrO4
in the HfZr-silicate compounds. This indicates that the dielectric func-
tions are formed by the combination of SiO2 and HfZrO4 thin ﬁlms.
Fig. 5 shows the index of refraction (n) and the extinction coefﬁcient
(κ) for these gate oxides. The main peaks of n among the HfZr-silicate
thin ﬁlms are similar to those of HfZrO4 thin ﬁlms even though the
amount of SiO2 incorporated into the HfZrO4 thin ﬁlms increases up to
20%. The main peak of n are at 7.9, 8.1, 8.4, and 8.9 eV, respectively, for
HfZrO4, 90%HfZrO4, 85%HfZrO4, 80%HfZrO4 thin ﬁlms. The extinction co-
efﬁcient function (κ) shows two peaks at ~10 eV and ~12 eV for high
amount (x b 0.2) of HfZrO4 thin ﬁlms. For x = 0.20 these are replaced
by a single peak at 11.5 eV due to the existence of SiO2 in the compound.
Fig. 6 shows the comparison of the determined theoretical inelastic
scattering cross section Ksc for these materials at the primary beam en-
ergy of 1.0 and 1.8 keV. From the ELFwe can also calculate the bulk cross
section Kinf, and the corresponding IMFP using the QUEELS-ε(k,ω)-
REELS software. This is of high interest because the IMFP is very impor-
tant for any quantitative analysis by electron spectroscopy. However,
very few data on the IMFP have been published so far for compounds
and alloy systems.
As shown in Fig. 6, as the primary beam energy increases, the inelas-
tic cross-section generally decreases. The difference betweenKsc andKinf
is essentially due to the effect of the surface excitations. This difference
is higher for 1 keV than 1.8 keV as expected because surface excitations
are more important at lower energies. We also observe from Fig. 6 that,
with lower primary energy, the intensities of the peaks at about 10–
15 eV are enhanced relative to the peaks at about 40–50 eV, which is
consistent with the SELF in Fig. 3.
These IMFP results for HfZrO4 [15] and HfZr-silicate thin ﬁlms with
the primary electron energy of 1.8, 1.5, and 1.0 keV are shown in Table
2. For the HfZr-silicates, the IMFPs increase with decreasing HfZrO4
composition inHfZr-silicates, and they also increasewith increasingpri-
mary energy. The IMFP of HfZr-silicate with highest amount of SiO2 is
larger than that of HfZrO4 and close to that of SiO2 [10]. As can be seen
in Table 2, the λinf values for HfZrO4 and HfZr-silicates are about 10–
15% larger than those of the λsc values. These differences between the
experimentally obtained λsc and λinf values is ascribed to surface inelas-
tic scattering processes which are included in the calculation value of
λsc, but not in the calculation of λinf. The IMFP estimated from the quan-
titative analysis of REELS provides a straightforward way to obtain the
IMFP values for thin ﬁlm alloys. We mention that this method was
also recently applied to determine the IMFP λsc and λinf of Zr-silicate
thin ﬁlms [10], which showed that the IMFP values λTPP-2M estimated
by utilizing the approximate Tanuma-Powell-Penn (TPP-2M) formula
[37] was close to λinf determined by the present method.
5. Conclusions
The dielectric and optical properties of HfZr silicate thin ﬁlms were
obtained from a quantitative analysis of experimental REELS spectra.
The dielectric functionswere obtained by comparison to detailed dielec-
tric response model calculations using the QUEELS-ε(k,ω)-REELS soft-
ware package. From these it is concluded that the electronic structure
of HfZr-silicates is a superposition among d electron states of Zr, f elec-
tron states of Hf and p electron states of Si.
The peak shapes and loss positions of the ELF, ε1, ε2, n, and κ indicate
that the HfZrO4 has a strong effect on the dielectric and optical proper-
ties of HfZr-silicate dielectric thin ﬁlms. The IMFPs of the ﬁlmswere also
determined, and they increased with decreasing HfZrO4 content in the
HfZr-silicates, and they also increased with increasing primary energy.
The IMFP in the form of λinf for HfZrO4 and HfZr-silicates were about
10–15% larger than those of the λsc values, which is due to surface in-
elastic scattering processes that are included in the calculation of λsc,
but not in the calculation of λinf values.
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